Abstract Integrated food security covers three aspects: food quantity security, food quality security, and sustainable food security. Because sustainable food security requires that food security must be compatible with sustainable development, the risk assessment of sustainable food security is becoming one of the most important issues. This paper mainly focuses on the characteristics of sustainable food security problems in the major grain-producing areas in China. We establish an index system based on land resources and eco-environmental conditions and apply a dynamic assessment method based on status assessments and trend analysis models to overcome the shortcomings of the static evaluation method. Using fuzzy mathematics, the risks are categorized into four grades: negligible risk, low risk, medium risk, and high risk. A case study was conducted in one of China's major grain-producing areas: Dongting Lake area. The results predict that the status of the sustainable food security in the Dongting Lake area is unsatisfactory for the foreseeable future. The number of districts at the medium-risk range will increase from six to ten by 2015 due to increasing population pressure, a decrease in the cultivated area, and a decrease in the effective irrigation area. Therefore, appropriate policies and measures should be put forward to improve it. The results could also provide direct support for an early warning system-which could be used to monitor food security trends or nutritional status so to inform policy makers of impending food shortages-to prevent sustainable food security risk based on some classical systematic methods. This is the first research of sustainable food security in terms of risk assessment, from the perspective of resources and the environment, at the regional scale.
Introduction
Nothing could be more important than food security for human development, especially in China, which has about one fifth of the world's population, but where the cultivated area per capita is only one quarter of the world's average.
Lester Brown, the president of the World Watch Institute in the United States, twice wrote about the "threat to the food supply in China" focusing on the shortage of cultivated land and water resources and its impact on food security in China (Brown 1995; Brown and Brain 1998) . After suffering a continuous decline of its annual total grain yield from 1998 to 2003, food security in China has become a hot topic (Zhang et al. 2008 ; National Bureau of Statistics of China 2009).
In September 2001, the world's sustainable food security meeting coined the concept of sustainable food security. Based on the concept of sustainable development (Brundtland 1987; Ma and Li 2010) , it refers to the need to meet the healthy food requirements of today's population without endangering the needs of future generations. Subsequently, the study of sustainable food security has become an important topic in regional sustainable development. Thus the assessment of sustainable food security risk is closely related to the important issues of regional development and maintaining social stability.
Sustainable food security is a complex concept containing three interactional aspects: the sustainability of the food production, the sustainability of the local retail market for food, and the sustainability of resources and the environment. However, thus far, few studies of sustainable food security focus on the food supply chain, food systems, and firm-level economic performance (Ilbery and Maye 2005; Sundkvist et al. 2005; Seuring and Müller 2008; Wognum et al. 2011) . Resources and the environment provide the basis for the three aspects because they are the direct source of the food security. Furthermore, the results of sustainable food security research in terms of resources and the environment (in this paper, resources and the environment mainly refer to regional land resources and eco-environmental conditions which could be influenced by human activities, respectively) can provide relevant information for agricultural insurance systems and policy makers in land management departments and the agricultural sector. Thus, it is very relevant to study sustainable food security by focusing on the sustainability of resources and the environment.
Because of rapid population growth, severe soil and water loss, serious environmental pollution, and degradation of land resources, China has been challenged by food security. The view that "Chinese food security is based on resources and the environment" has been put forward by many domestic scholars in recent years (Wu 2000; Zhang and Lin 2005; Li et al. 2005) . Because the relevant studies were normally conducted at the national level and their results were neither quantified nor made available to decision makers, there has long been a gap between scientific research and the concrete practice of pursuing food security (Yang and Li 2000; Deng et al. 2006; Yan et al. 2009 ). By using a risk assessment method to perform the study at a regional scale, the gap will be bridged when the results can be presented quantitatively and visually (Carbonell et al. 2000; Muschal 2006; Smith and König 2010) . This paper is driven by the view that there is applied value in studying sustainable food security in terms of risk assessment, from the perspective of resources and the environment, at the regional scale.
In the light of the above discussion, this paper discusses the concept of sustainable food security risk and presents an approach based on an integrated threestep risk assessment-risk identification, risk analysis, and risk characterization-to evaluate it. The approach is exemplified by a case study conducted in the Dongting Lake area, China.
Materials and methods
As sustainable food security risk varies due to different land resources and eco-environmental conditions, it is necessary to select a representative research area.
Study area and data source
This paper examines the Dongting Lake area (110°29′-114°15′ E and 26°03′-30°08′ N). It is located in northern Hunan Province and includes six cities and 29 counties, which together occupy an area of about 73,500 km 2 (Fig. 1) . The area has a humid climate, with a mean annual rainfall of 1,305 mm, and a mean annual temperature of 16.8°C, and has long been a major grain-producing area in China. Because it is located in the semitropical monsoon climate zone, precipitation varies significantly during the year and from year to year, it suffers from serious floods and drought .
The raw data were taken from the 1986 to 2008 editions of the Hunan Statistical Yearbook, the Hunan Province Agricultural Statistical Yearbook, the Changsha Statistical Yearbook, the Zhuzhou Statistical Yearbook, the Xiangtan Statistical Yearbook, the Yiyang Statistical Yearbook, the Changde Statistical Yearbook, and the Yueyang Statistical Yearbook.
Risk assessment
Because there is no specific definition for integrated food security risk, this paper defines the concept of integrated food security risk based on the connotations of risk and the characteristics of food security. Integrated food security risk is a compound concept that covers three aspects: food quantity security risk, food quality security risk, and sustainable food security risk and refers to the degree of imbalance in regional food supply and demand caused by natural, economic, social, or any other factors in the foreseeable future.
Based on the concept of integrated food security risk, this paper proposes the following connotations of risk assessment for sustainable food security:
Goal: achieving integrated food security Analysis: risk assessment Object: sustainable food security Because sustainable food security risk is a new concept, there are no universal evaluation standards.
However, the core of risk assessment for sustainable food security is, by its very nature, risk assessment. Based on some classical guidelines, methods, and principles of risk assessment, this paper proposes a framework for an integrated three-step risk assessment for sustainable food security procedure, i.e., risk identification, risk analysis, and risk characterization (EPA 1998; Solomon et al. 2000; European Commission 2003; Muschal 2006; Smith and König 2010; Knudsen 2010) .
Risk identification
The purpose of this step is to discover the causes of sustainable food security risk.
Overall, relevant research indicates that there are six traditional causes that can influence food security: disaster risk, income risk, pollution risk, resources risk, yield risk, and trade risk (Wu 2000; Chen et al. 2004; Zhang and Lin 2005; Maxwell et al. 2008; Cordell et al. 2009; Khan and Hanjra 2009; Aggarwal et al. 2010; Wu et al. 2010) . Due to the focus on regional land resources and eco-environmental conditions, this paper does not consider income risk and trade risk. The socio-economic sources that have little direct influence on land resources and eco-environmental conditions are also not considered (i.e., yield risk influenced by technology is not considered in this research).
With reference to the above discussion, this paper identifies three sources that could cause sustainable food security risk: land resources risk, pollution risk, and disaster risk (yield risk influenced by land resources and eco-environmental conditions will be considered in terms of land resources risk).
Risk analysis
Based on the three risk sources identified above, relevant risk factors and concrete evaluation indexes that could be used to evaluate sustainable food security risk are formulated in this step. Then, the weights and the risk thresholds of these indexes are defined.
With reference to some fundamental principles for risk assessment, this paper proposes the following principles for risk analysis (Burmaster and Anderson 1994; EPA 1998; European Commission 2003; Shi et al. 2006) . First, all the factors that might influence sustainable food security should be considered. Second, the indexes selected for risk estimation need to be comparable. Third, the indexes can reflect variation trends in land resources and eco-environmental conditions. Fourth, the data used to construct indexes should be easy to acquire, and the indexes should be easy to analyze.
To reasonably construct the index system, the land resources and eco-environmental conditions of the Dongting Lake area must first be analyzed.
The Dongting Lake area is an ecologically fragile area because of its location at the intersection of the middle Yangtze River system. Because of rapid population growth, irrational land use, and environmental neglect, its land resources face great pressure. The soil and water loss area of Dongting Lake area was up to 136,000 ha as of 2008, which includes 18.5 % of the land area. The potentially waterlogging area is about 25.3 % of cultivated area. Meanwhile, the application of chemical fertilizer was 2,294 kg/ha, and for pesticides, it was 32 kg/ha. Both rates are above the average for Hunan Province.
Based on the land resources and eco-environmental conditions of the Dongting Lake area and some relevant research, this paper proposes that the three risk sources contain several risk factors, which are as follows (Chen et al. 2004; Lv et al. 2006; Chen 2007; Lv and Bian 2007; Nie et al. 2010) . For land resources risk, population pressure, resource endowment, and land degradation are the main risk factors. Pollution risk generally includes agricultural pollution and industrial pollution. While disaster risk includes many risk factors, natural disaster is the only main factor from the historical data of the Dongting Lake area.
Because risk factors are farther, separate, and qualitative descriptions of their risk sources, these cannot be used to evaluate the magnitude of sustainable food security risk. Thus, concrete evaluation indexes that can be directly used to evaluate the sustainable food security risk need to be selected based on corresponding risk factors (in this process, several principles, which are mentioned at the beginning of Section "Risk analysis," need to be followed). For example, several indices, including the urbanization ratio, population growth rate, and population density, can be used to evaluate population pressure risk. Because there might be overlap among these three, we chose the population density (the "population" here means total population of each administrative unit) as the more relevant evaluation index in terms of land resources (Chen et al. 2004; Lv et al. 2006; Chen 2007) . In another example, we chose "natural disaster forming area ratio" and "reduced yield per unit area by natural disaster" rather than "natural disaster forming area" and "total reduced yield by natural disaster" to evaluate natural disaster risk because the first two indexes are more concrete and quantitative (Chen et al. 2004; Lv and Bian 2007; Douglas 2009; Nie et al. 2010) .
Based on the above methods, this paper constructs an index system for risk assessment for sustainable food security in the Dongting Lake area as Fig. 2 shows.
After formulating the evaluation indexes, their weights and risk thresholds need to be defined. This paper uses a principal components analysis (PCA) method to objectively calculate the weights of these indexes because there is little experience with determining them subjectively (Webster 2001) . After using SPSS Statistics (version 19.0) to make a PCA of the evaluation indexes with a simple calculation, their weights are shown in Table 1 (Luo and Zhang 2005; Wu et al. 2009 ).
The evaluation indexes above can be divided into two types. For some of them, the higher its value, the more security it reflects. These indexes are called "positive indexes." For the remainder, the higher the value, the less security it reflects. These indexes are called "reverse indexes." In this paper, the cultivated area per capita and the effective irrigation area ratio are positive indexes, while all the others are reverse indexes. For positive indexes, if the actual value is higher than the respective risk threshold, there will be no risk. For reverse indexes, it is the opposite.
However, the risk thresholds of these evaluation indexes remain at the exploratory phase. This paper takes the average values of these indexes for Hunan Province from 1986 to 2008, rather than the average for all of China, as the risk thresholds for the following reasons. First, the land resources and eco-environmental conditions of the Dongting Lake area are more satisfactory compared with the average for China, and they are more vulnerable compared with the average for Hunan Province. The major grainproducing areas have a greater responsibility to ensure food security, so it is more reasonable to make comparisons using averages from Hunan Province. Second, because food security risk is a relative concept, the sustainable food security risk trend of the Dongting Lake area can be revealed more clearly by comparing it with the average of Hunan Province. Third, with population accretion, soil loss aggravation and the influence of many other factors, the land resources and eco-environmental conditions of the Dongting Lake area will face even greater pressure. Maintaining the index averages of the past 20 years would provide a satisfactory status and would be a challenging goal for policy makers.
Risk characterization
Although risk index methods are widely used to evaluate eco-environmental conditions in the academic world, they cannot be reflected visually (Archs 1981; He et al. 1999; Liu et al. 2002) . Based on the risk index method, this paper classifies the risk grades of sustainable food security by using fuzzy mathematics (Verbruggen and Zimmermenu 1999; Shi et al. 2006) . Because the dimensions of risk assessment for sustainable food security evaluation indexes vary, this paper uses a risk index calculating model to compare them.
For a single index, the index calculating models are as follows:
For the positive indexes,
For the reverse indexes,
where r i is the single risk index, 0≤r i ≤1, x i and z i , respectively, represent the actual value and risk threshold of the index. The composite risk index of these indexes can be calculated by the following function:
where S is the composite risk index for the sustainable food security and r i and w i , respectively, represent the single risk index and the weight of these indexes.
Because the boundary between security and insecurity is vague, this paper uses fuzzy mathematics to classify the grades. The four fuzzy grades are as follows: N (negligible risk; means the land resources and eco-environmental conditions of this area are very satisfactory and they can fill all the requirements of regional sustainable food security), L (low risk; means the land resources and eco-environmental conditions of this area are only moderately, they may insufficient to meet the requirements of regional sustainable food security), M (medium risk; means the land resources and eco-environmental conditions of this area are unsatisfactory, they very likely cannot meet the needs of regional sustainable food security), and H (high risk; means the land resources and eco-environmental conditions of this area are very poor and they certainly cannot meet the needs of regional sustainable food security). The corresponding possibility function is shown in Fig. 3 , and the membership functions are as follows: 
where u represents the single risk index (r i ) or composite risk index (S), F is the possible risk grade of the index. Based on the possibility function above, the evaluation series can be constructed as shown in Fig. 4 . The series are divided into four overlapping areas. They represent high risk (area A and G1), medium risk (area G1, B, and G2), low risk (area G2, C, and G3), and negligible risk (area G3 and D). The corresponding risk grade can be ascertained after calculating the risk index. If the risk index lies in the white area (A, B, C, and D), the risk grade can be fixed directly. If the risk index lies in the gray area (G1, G2, and G3), the risk grade needs to be determined according to its two corresponding membership functions (function (4-7)). For example, if a risk index (r 1 00.28) lies in area A, the corresponding risk grade is H. If a risk index (S00.67) lies in area G2, the membership size will need to be calculated by first using functions (5) and (6) and then selecting the grade for the larger result as its risk grade. (In this case, the result using formula (5) is 0.7, while the result using formula (6) is 0.3, so the corresponding risk grade is L.)
Based on the historical data, the single risk indexes and the composite risk indexes over the years can be calculated according to the above functions before building an optimal fitting function using SPSS, which allows the prediction of single risk indexes and composite risk indexes for the next several years. The risk grades can be calculated afterwards.
Results and discussion

Prediction results of risk indexes and risk ranges
With reference to the risk assessment for sustainable food security process above, the composite risk indexes and corresponding risk ranges of the Dongting Lake area can be predicted as shown in Table 2 (the single risk indexes and corresponding risk ranges are not listed here because there is a mass of data on them). For the purpose of providing relevant evidence for agricultural insurance systems and for policy makers in land management departments and the agricultural sector, this paper chooses two periods (2010 and 2015) to ensure meaningful, different, and comparable results.
From Table 2 , we calculate that the average of the composite risk indexes of the Dongting Lake area for Fig. 3 Possibility function of sustainable food security grades Fig. 4 Evaluation series of sustainable food security grades 2010 is 0.785, while it decreases to 0.756 in 2015, which means that the sustainable food security risk of the Dongting Lake area is gradually increasing over the next few years. In 2015, the composite From Figs. 5 and 6, we can see clearly that the six cities (Changsha, Zhuzhou, Xiangtang, Yueyang, Changde, and Yiyang) will always be at the mediumrisk range due to increasing population pressure, a decrease in the cultivated area, a decrease in the effective irrigation area, and agricultural and industrial pollution; however, according to their composite risk indexes, the risk status trends toward getting worse. The number of districts at the medium-risk range, mainly concentrated around the six cities, will increase from six to ten by 2015. Fortunately, there will be no fundamental changes in risk status in the negligible risk areas in the coming years because of less population pressure, better agricultural infrastructure, and better eco-environmental conditions. Comparison of cases on regional food security Up to now, the policies and measures on food security were always proposed at the national level in China, they cannot be implemented perfectly and reasonably due to diverse eco-environmental conditions and socio-economic conditions in different areas (Wu 2000; Yang and Li 2000; Zhang and Lin 2005; Ye and Ranst 2009) . Only a few relevant studies were conducted at the regional level, as they mainly focused on local socio-economic factors instead of regional land resources and eco-environmental conditions (as Table 3 shows), their results could not reflect current state and future trends of the food security risk in their study areas objectively.
However, from relevant risk assessment such as this one, the situation could be effectively improved. According to the risk grades, the situation and trends of land resources and eco-environmental conditions can be recognized visually. By analyzing the trends of single risk indexes and composite risk indexes, appropriate policies and measures can be put forward to avoid the deterioration of the situation. Land management departments are supposed to put forth pertinent policies and proposals for land-use planning (such as reasonably controlling the total area of cultivated land and the effective irrigation area), and the agricultural sector should adopt specific strategies and measures to improve conditions (such as advocating rational use of fertilizers and pesticides and pertinently improving agricultural infrastructure).
Construction of regional food security early warning system
Food security early warning system could be used to monitor food security or nutritional status so to inform policy makers of impending food shortages. The National Early Warning System (NEWS) are generally implemented by the governments with the help of external donors and executing agencies (such as FAO), and focus on monitoring food availability and food needs of the vulnerable population to prevent famine-related disasters (FAO 2001; Suresh and Ergeneman 2005) . However, the relevant studies were normally conducted at the national or international level and their results were not made available to regional policy makers. Due to food production is mainly dominated by the major grain-producing areas in China, the sustainable food security conditions are of even greater concern for them.
However, based on the risk assessment for sustainable food security results, with reference to some classical systematic methods (FAO 2001; Zhang et al. 2004) , using several case studies, an early warning system for sustainable food security could be built. Such a system will be helpful during the risk prevention process for sustainable food security, which will be conducted mainly by the local government.
Comments on agricultural insurance
Agricultural insurance is an important mechanism for dealing with agricultural non-systemic risk (such as natural disaster risk) as an important non-price agricultural protection tool in many developed countries, but at present China's policy-oriented agricultural insurance has not yet formed a variety of financial subsidy model, and the support policies still lack synergies between policies and overall planning (Dick and Wang 2010; Yu 2010). From relevant risk assessments such as this one, the sources of risk and their trends will be clearly known, thereby increasing information transparency not only for the government and insurance companies but also for farmers. As a result, the size of financial subsidies relative to agricultural insurance may be reasonably determined.
Conclusions
With reference to some classical methods of risk assessment, this paper, using a case study, proposes a process for risk assessment for sustainable food security that focuses on the sustainability of resources and the environment. Its results can provide strong and relevant evidence for agricultural insurance systems and for policy makers in land management departments and the agricultural sector.
The results show that the sustainable food security risk of the Dongting Lake area will gradually increase in the next few years. The number of districts at the medium-risk range will increase from six to ten by 2015, yet there will be no fundamental changes in the risk state in the negligible risk areas in the coming years. Although the current situation is not bad and is not quickly getting worse, throughout, this paper echoes a slight unease because sustainable food security is the basis for sustainable development, especially in major grain-producing areas.
However, because risk assessment for food security is a new area of exploration, there will be some deficiencies in this research, so related studies need to be conducted at a more thorough manner.
